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1.Introduction 
Various quantum states of light and their interactions with atoms and 
molecules are interesting now for the investigation both of the fundamental problems 
of quantum mechanics, quantum optics and their applications, in particular, for 
quantum information. Quantum memory (QM-) is one of problems which is actual 
practically for all basic processes of quantum information. Now several proposals are 
investigated for solution of the QM-problem. Single atoms in cavity QED are the 
most simple and elegant quantum object which can be used for the quantum memory 
of single photon states [1, 2], but at the practical applications this proposal has a 
number of limitations for the quantum states of light. Particularly it is difficult to use 
the technique for a storage of the spectral broadened light and states with arbitrary 
number of photons. In this respect, using the coherent atomic ensembles could be 
especially preferable. Recently it was proposed a well known scheme of Raman-type 
interaction [3] for quantum storage. This scheme can work for the case of free space, 
nevertheless it does not allow to reversible store the quantum state and its retrieval 
reconstruction on the level of single photons. Most promising solution of the QM 
problem is proposed on the basis of electromagnetically induced transparency (EIT) 
effect [4]. Proof-of-principle experiments confirms the theoretical prediction [5,6] for 
the intensive laser pulses. Now a more general temporal properties and general 
possibilities of the EIT-technique [7, 8] as their present and nearest future 
perspectives [9, 10] are investigated theoretically. We note that the complete 
reconstruction of the arbitrary quantum state of light is especially difficult problems 
for experimental realisations of quantum memory processes. Experimental 
implementation of the QM process basing the coherent atomic ensembles on the level 
of the weak quantum field is now a challenging problem, where the separation of the 
weak quantum fields from the intensive laser fields which excite additionally the 
atoms in the EIT-technique is especially difficult and is needed in new ideas. It is 
important to develop the realisation of such QM-processes for short pulses of 
quantum fields optical field that is difficult to perform using an usual EIT-technique 
elaborated for the narrow spectral fields.  
Recently, we have proposed the QM technique using the novel variant of the 
photon echo [11] , based on the reversibility properties inherent in an atomic gas of 
three-level resonant atoms  with Λ-configuration of atomic transitions. This technique 
has some new advantageous properties as compared to the EIT-effect, which can be 
useful for the solution of the  QM problem. In this paper we theoretically study the 
possibilities of our technique for realization of quantum memory for short single 
photon wave packets. This emphasis is determined by the necessity to suppress the 
negative role of relaxation processes in the medium. 
In conclusion we discuss the advantages of the proposed technique and its 
potential for realization of quantum memory. 
 
2. Basic model  
Following [11] the single photon wave packet enters from the left  (see Fig.1) 
the gas tube of N three-level atoms  localised between the coordinates  Z=0 and Z=0 
and is absorbed in it on the transition 1  - 3 . The first laser pulse  transfers the 
single photon excitations from the level 3  to the long lived level 2  at t = t1.  After 
the storage the second pulse returns the saved excitation onto the level 3  at t = t2. 
Following the time delay t1, after the second laser pulse the atomic dipoles will 
rephased and the medium will irradiate the photon in the echo signal. It is important 
that the probability of the photon emission can be close to unit since this process is 
adjusted to be reversible to the absorption process of  the initial photon. Below we 
consider stage by stage interaction of the stored single photon wave packet with the 
medium,  long-lived storage of the information about the photon quantum state and its 
reconstruction.   
We assume that the atoms are initially on the ground level 1 . There are allowed 
electric dipole transitions 1  - 3  and 1  - 2  , where 2  is a metastable level 
energetically close to 1 . The frequency of the 1  - 3  transition is Doppler 
broadened.  The atomic transitions from 3> to 2> levels will result only from 
independent spontaneous decays of single atoms. Thus, we can neglect by the effect 
of these spontaneous transitions on the photon absorption process in the chosen time 
scale. We also disregard the relaxation processes in the atomic system and interatomic 
collisions. Following [5], we also assume that it is possible to excite the transition  
3 - 2  by a laser pulse without perturbation of the atoms on the level 1 . 
Thus, we have the following initial state of the wave function ( −∞=t ) in the 
interaction picture: 
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νµω - the central frequencies of the transitions jν  → jµ ; jPνµ  are the j-atom 
operators coupling the states; m=1,2; η/)T/t(dE)t( mmm =Ω - Rabi frequencies, Tm-
temporal duration of the m-th laser pulses; 2332 ddd == - dipole moment of the 
atomic transition 2  - 3 ; Em(t) is the amplitude of an electric field of the m-laser 
pulse; g  is the interaction constant of the photon with j-th atom. For the sake of 
simplicity we do not consider below the polarization aspects of the interaction of 
photons with the atoms.  
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Such structure of the wave function is determined by the initial conditions (1) and by 
the conservation of the total number excitations in total quantum system. After the 
substitution of (6)-(8) into the Schrödinger equation we obtain the following basic 
equations for the functions )t(),t(b),t(f jjk ξ : 
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It is difficult to find a general solution of the equations (9)-(11), which include 
the EIT-effect as a special case. We consider a different physical situation when the 
photon wave packet and two laser pulses interact with medium at the different time 
moments. At this situation the quantum coherence at the interactions with the 
inhomogeneously broadened lines can be easy controlled experimentally in time, for 
we have to deal with quantum evolution of different type for different stages of the 
coherent interactions.  
 
3. Mapping of the photon wave packet state 
 At this stage we study the photon absorption in the absence of the laser fields. 
Here the equations (9)-(10) are reduced to:  
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where c/gn2 2oo π=α , and find the following solution for the wave function right after 
the emergence of the photon in the medium:  
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probability amplitude for the photon to propagate as far as j-th atom, while the factor 
( )(gf2 c/k )(j31 −∞π +ω= ) gives the probability amplitude of the photon absorption by 
the atom. Obviously that 0})(exp{ 31)( →−− + Lk ωωα  is the sufficient condition for 
the pure mapping of the quantum state for a large class of quantum states of light with 
energy sufficiently small when Lambert-Bear absorption takes place.   
Now we turn to times t >> tph when the field (17) E(t,z) →0 in the medium 
volume and consider the storage stage.  
 
4. Storage of the mapped field state 
We apply a laser pulse propagating in the same direction as the initial photon 
at the time delay )3(21 Ttt <<=  with the carrier frequency ω1 coinciding with 23 −  
transition and temporal profile }/TSech{t'E)t'(E 11;01 =  of duration 1T . The basic 
equations (9)-(11) transform into the equations:   
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here m=1, denoting the first laser pulse. In the interaction picture we have the 
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Note the function )1;);2/(),2/((F )2( 1,j
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112 γπθ−πθ  is spatially and temporally 
independent, thus the laser pulse only decreases the amplitude bj(t) independently of 
the spatial position of j-th atom. The amplitudes bj(t) will be close to zero for the 
values π≈θ j1  and 2/1 )2( 1,j ≈γ  which takes place only for atoms with spectral 
detunings )/2( 11 T
j πδ < . It means the possibility of spectral control to realise the 
independent quantum storage for a narrow spectral group of atoms within 
inhomogeneously broadened transition 2-3 ( n1 )T/2( ∆<<π ). 
A new spatial and temporal behaviour takes place for the coefficients )t(jξ  
which are weakly affected by slow atomic movement since the main information 
about the quantum state of the photon is kept in the spectral properties of the atomic 
excitation, which is a distinctive feature of the proposed technique as compared to the 
EIT technique. The advantage may be of crucial importance for the QM realization 
using short pulses of light. 
 
5.Reconstraction of the single photon state 
In this section we consider the spontaneous emission of the atomic gas after its 
excitation by the second restoring laser pulse. The pulse propagates in the opposite 
direction with respect to the initial photon. In this case, any j-th atom having the 
velocity zv  changes the sign of its frequency detuning on the opposite, which makes 
possible the rephasing of the macroscopic atomic coherence induced by the initial 
photon. The wave function right after the second laser pulse can be found solving the 
equations similar to (26), (27) with the index m equal to 2. The main information 
sufficient for study of the quantum state reconstruction can be obtained using the 
solution for the atomic coefficients bj(t). This solution has the form: 
=)t(b j tijj ebb 31)( )2()1( ω−+ ,              (35) 
where 
=)1(jb )1;);2/(),2/((F )2( 1,jj1j112 γπθ−πθ )1;);2/(),2/((F )2( 2,jj2j212 γπθ−πθ )z;( jj31ωβ
}c/ziexp{ oj
)(j
31
+ω               (36) 
=)2(jb ( ig2π /c) )2/T(ch
)2/sin(
j
1
j
1
j
1
πδ
θ
/2)Tch(
)2/sin(
j
2
j
2
j
2
πδ
θ
})({exp)( ph
)j(
31/.)(31 jck
zf j ω−ωα−−∞ +ω= + )};,( exp{ 021 jzttiΨ ,  
      (37) 
where 
=Ψ )z;t,t( oj21 )tt( 1232 −ω - c/z)2( oj3132 ω−ω + )[c/v( jz −ω c/zoj31 )]tt( 2132 +ω + seϕ .  
     (38) 
and seϕ = 2211 tt ω−ω + 21ϕ . 
The first term )()1( tb j  determines the behavior of the atomic system which took 
place right after the absorption of the photon, but its behavior is suppressed by the 
action of the two laser pulses. Obviously, the term (36) will not significantly 
contribute to the coherent interaction with the quantum field which must be neglected. 
At the selected parameters of the light fields the atomic system will coherently 
irradiate the photon in the backward direction with respect to the initial photon kse↑↓ 
kph [11]. Therefore, we use new notation for the field modes ze-kk
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and the equations (9)-(11) take the form: 
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Following the mathematical procedures made in the mapping section we introduce the 
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Below we dwell upon on the case of equal pulse areas  θ1=θ2=θ and laser pulse 
durations Т1 = Т2 = Т , and consider the case ω1 = ω2 =ω32 . After summation over the 
atoms we have:  
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We confine ourselves to the analysis of the irradiated field variables. Using the 
obtained solution (51)-(53) for the wave function we can analyze it in the particular 
cases.  
 
6. Analysis of the reconstructed field and conclusion  
 
As is seen from (51) the perfect reconstruction of the photon state requires that 
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Under this favorite conditions and optically dense medium 
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complete reconstruction of the absorbed photon.  
It is interesting to analyze the case of the maximum spectrally broadened 
photon wave function which can be reconstructed with high efficiency. At this case 
we have to consider the medium with arbitrary optical density, length spectral 
broadening. The characteristic dependences of the main solution (51) for some special 
cases are shown in Figs. 2-5. In numerical calculations we took into account the 
Lorentz spectral profiles of the inhomogeneous broadening =∆∆ )/( nG )( 22 ∆+∆π ∆n n  and of 
the photon wave function 
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2
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cf . The numerical results in Fig.2 
demonstrate that the reconstruction of spectral components of the initial photon wave 
function at the fixed parameters δωph= 2⋅108 sec-1, ω21=1010 sec-1, α=1 cm-1 and ∆n = 
109sec-1. At this parameters the complete reconstruction takes place for L > 3.  
Nonsymmetrical spectral reconstruction is shown in Fig.3. This spectral 
deformation of the initial photon spectrum is determined by the spectral dispersion 
effect within the inhomogeneous broadening. This effect increases with sufficiently 
large spectral width of the photon wave function and small optical depth αL≤ 1. In 
this case the total probability of the photon reconstruction is about 0.23. The behavior 
of the total probability of the photon reconstruction is studied in Figs. 4,5. The 
probability is high for the frequencies ω21=⋅1010 at  ∆n = 109sec-1, δωph= 2⋅108 and αL 
≥ 3. It is noteworthy that the splitting between the first and the second atomic levels 
may exceed the spectral widths of the photon wave function and the inhomogeneous 
broadening. It makes possible the spectral selection of the weak quantum field from 
the laser pulses.  
In conclusion, we note the obtained basic relationships describe the 
possibilities of the model three-level atomic system. It is quite possible that practical 
realization of this photon echo technique will require a switch-over to more 
sophisticated atomic systems with four and more working levels.  
 This work was supported by the Royal Swedish Academy of Sciences, the 
Russian Foundation for Basic Research grants No.: 01-01-00387, 01-03-32730, 02-
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Fig.1. The temporal diagram of the nonstationary interactions and the scheme of energetic 
levels. The first line from the left represents the photon entering the medium in the resonance 
with atomic transition 1〉-3〉, after time delay τ the laser pulse transfers the atomic 
excitation from level 3〉 onto the level 2〉,  and after delay T – the second laser pulse 
returns the excitation from 2〉  onto atomic level 3〉  with an additional atomic phase. The 
reconstructed photon is irradiated in the echo signal with time delay τ after the second laser 
pulse.  The first laser pulse propagates in the photon wave packet direction (k1 ↑↑ kph), while 
the second laser pulse propagates in the opposite direction  (k2 ↑↓ kph ). Photon echo signal 
is emitted in the direction ke↑↑k2). 
 
Fig 2. The spectral function 
2)2(
/)( )(31 ∞→∆−ω tf c /
2
/ )(31 −∞ω cf  of the reconstructed photon is 
shown as a function of the spectral detuning ∆ and optical depth of the medium L (∆: -
5⋅108sec-1÷5⋅108sec-1, L: 1 ÷ 4 cm) at the following fixed parameters ∆n = 109sec-1, δωph= 2⋅108 
sec-1, ω21=1010 sec-1, α=1 cm-1  and inhomogeneous broadening =∆∆ )/( nG )( 22 ∆+∆π ∆n n . The 
function is normalized with respect to the center of the spectrum of the initial photon, which is 
taken in the form 
)(
2
/)( 2231
)( ∆+δωπ
δω
∆+ω =−∞
ph
ph
cf . We see the complete photon reconstruction for L 
> 3 (α=1 cm-1).  
 
Fig.3. The nonsymmetrical spectral reconstruction of the spectrum for the small optical depth 
L= 1, α=1 cm-1,  ∆n = 109sec-1, δωph= 7⋅108 sec-1, ω21=1010 sec-1, and inhomogeneous 
broadening =∆∆ )/( nG )( 22 ∆+∆π ∆n n  and the initial spectrum )(
2
/)( 2231
)( ∆+δωπ
δω
∆+ω =−∞
ph
ph
cf , normalized 
as in Fig.3.  
 
Fig. 4 The total probability of the photon reconstruction as a function of medium length L and 
frequency splitting ω21 at the following fixed parameters ∆n = 109sec-1, δωph= 2⋅108 sec-1, α=1 
cm-1. 
 
Fig. 5 The total probability of the photon reconstruction as a function of the frequency splitting 
ω21 and spectral width δωph of the initial photon wave function  at the following fixed 
parameters ∆n = 109sec-1, α=1 cm-1. L=1 cm, (ω21 : 1010 sec-1 ÷ 1011 sec-1; δωph: 108 sec-1 ÷ 
2⋅109 sec-1. 
 
 
                              
                                          Laser pulses.  
                                             
                                                                                                                 inhomogeneously 
                 3                                                                                                broadened line 
 δωph                                                                                                                     ∆n 
 
 one photon         π(k1)                   π(k2)       one photon -
ω'ph 
          ωph                                            T                        (in the echo-signal)  
                                  τ                      τ 
                                          
                2           hyperfine 
                1           splitting 
           
                                                     t 
 
 
             Mapping         Storage                            Reconstruction of photon 
 
 
 
 
 
 
 
 
 
Fig. 1  
S.A.Moiseev, et.al. The possibilities of the quantum memory realization for short pulses of 
light in the photon echo technique 
 
 
 
